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Abstract 
Thermochemical two-step water splitting cycle by concentrated solar heat has been studied as an energy conversion of solar 
energy into hydrogen energy. The thermochemical two-step water splitting cycle using metal oxide redox pair was composed of 
thermal reduction (T-R) step of metal oxide at higher temperature to release oxygen and, subsequent water decomposition (W-D) 
step of the reduced metal oxide with steam at lower temperature to produce hydrogen. Recently, cerium oxide (CeO2) is 
concerned as a redox pair of the thermochemical cycle for highly reactivity and cyclicity at high temperature. In this study, we 
focused a kinetic analysis of thermochemical two-step water splitting using cerium oxide. Various theoretical reaction models for 
thermal reduction (T-R) step of CeO2 particles are examined, and the appropriate reaction model for experimental results of 
thermogravimetric analysis was found by Master plot method. Finally, the reaction rate equation of thermal reduction is 
estimated.  
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Nomenclature 
δ a no unit nonstoichimetric number, the range of value is 0~0.5 
TG(%) weight change rate of sample (calculated as the weight change value[g] ratio initial sample weight[g] 
T-R  abbreviation of thermal reduction 
W-D abbreviation of water decomposition 
α a reaction fraction, no unit 
t time, min 
m weight of  sample at time t, g 
mi initial weight of sample, g 
mf final weight of sample, g 
f(α) a function of reaction fraction α for a reaction model, no unit 
Ea activation energy, J mol-1 
A frequency factor, s-1 
R universal gas constant, J mol-1 K-1 
T sample temperature, K 
θ generalized time, min 
1. Introduction 
Direct or single-step water-splitting needs thermodynamically a very high temperature above 2500 K to reach 
significant dissociation and so, the use of redox pair is proposed as a reaction media in order to low this temperature 
[1]. Mixed metal oxides are one of promising candidates for hydrogen production via solar thermochemical cycles. 
Such cycle consists of a two-step process that involves a metal-oxide redox pair and water. However, a redox 
material of iron oxide is melted and sintered during thermal-reduction (T-R) step of thermochemical two-step cycles, 
which strongly decreases specific surface area and consequently production performance of oxygen and hydrogen 
for a cyclic two-step water-splitting. In order to lower the temperature of the T-R step and enhance hydrogen 
productivity for two-step water splitting, various ferrites doped metallic cations (Zn, Ni, Mn, Co.) are extensively 
studied. 
The present authors have demonstrated repeatable twostep water splitting using highly active NiFe2O4 particles 
supported on monoclinic ZrO2 particles (NiFe2O4/m-ZrO2) operating at temperatures of K [1]. 
 
NiFe2O4/m-ZrO2 → 3Ni1/3Fe2/3O/m-ZrO2 + 1/2O2  (T-R step)  (1) 
3Ni1/3Fe2/3O/m-ZrO2 + H2O →NiFe2O4/m-ZrO2 + H2 (W-D step)  (2) 
 
The m-ZrO2 support characterizes a high melting point more than 2273 K and causes a repeatable volume 
expansion/shrinkage of ZrO2 crystal lattice involving phase transition of monoclinic into tetragonal crystal structures 
at T >1443 K. Thus, the m-ZrO2 support has good resistance to agglomeration or sintering at temperatures of 
K.  Unsupported NiFe2O4 particles have been also used and tested for a repeatable twostep water 
splitting. Solar chemical receivers/absorbers or reactors operating at temperatures of 1073–1773 K are developed 
and tested for hydrogen production from water via the two-step water-splitting cycle using ferrite redox materials 
[1]. And Abanades S et al. performed to identify kinetics analysis of the oxidation step in two-step redox cycle using 
stannum oxide SnO2[2] and zinc oxide ZnO[2,3] by thermogravimetry. 
Cerium oxide has recently emerged as a promising reactive redox material for thermochemical two-step water 
splitting cycle [4]. The redox cycle includes higher melting points for the oxides, leading to good sintering 
resistence and superior cyclic reactivity by itself without any support materials at high temperature. However, it is 
reported that Cerium oxide can form a compound at the thermal reduction (T-R) temperature less than 2273K that 
are non-stoichiometric state in oxide between CeO2 and Ce2O3, requiring a relatively lower reduction temperature, 
decreasing volatility [4-10]. A repeatable two-step water splitting cycle using CeO2/CeO2-G is represented by:  
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  CeO2 → CeO2-GG2   (T-R step)          (3) 
  CeO2-GG+2→ CeO2 + G+    (W-D step)          (4) 
 
CeO2-G represents a non-stoichiometric state of cerium oxide that is formed during the T-R step and oxygen is 
releared from CeO2. The CeO2-G has a sufficiently reactive as the redox material for two-step water splitting. In the 
second step (W-D step), the CeO2-Gcan react with steam at lower temperatures less than 1273 K to produce 
hydrogen.  
In this study, we focused a kinetic analysis of thermochemical two-step water splitting using cerium oxide. 
Various theoretical reaction models for thermal reduction (T-R) step of CeO2 particles are examined, and the 
appropriate reaction model for experimental results of thermogravimetric analysis was found by Master plot method. 
Finally, the reaction rate equation of thermal reduction is reported. The reaction rate equation for T-R step will be 
useful for an estimation of oxygen or hydrogen productivities for the solar chemical receivers/absorbers or reactors 
such as a fluidized bed reactor using reacting particles of CeO2. 
2. Experimental set-up 
The CeO2 particles (99.9 % purity) was purchased from Kojundo Chemical Laboratory CO.,LTD. Approximately 
240 mg of CeO2 particles was packed into a platinum cup (5 mm in diameter and 5 mm deep), and mounted on the 
balance in a ceramic reaction chamber. Fig.1 shows experimental set-up for thermogravimetry reactor (Thermo plus 
EVO 2/TG-DTA series manufactured by Rigaku Co. ltd. Mechanical error of balance is ±1 %) used for thermal 
reduction (T-R) step of CeO2 particles. The CeO2 particles mounted in the thermogravimetry reactor were first 
heated to 1773K with different heating rates of 10 K/min, 20 K/min, and 30 K/min using an electric furnace, while 
passing N2 gas (purity 99.999%) through the reactor at a flow rate of 200 cm3•min–1(nor) controlled by mass flow 
controller (KOFLOC RK1700 1 L/min. precision, 7 % for full scale), in order to perform the TR step. The 
temperature of the CeO2 particles was controlled using an R-type thermocouple (tolerance, ±3.75 K) in contact with 
the platinum cup. The particles were heated at a constant temperature of 1773 K for 30 min, subsequently it was 
cooled to 1273 K to perform the subsequent W-D step. The weight change of the CeO2 particles by O2 release 
during T-R step was measured against time.  
Subsequently, a gas mixture containing H2O and N2 was introduced into the reactor to perform the WD step. 
This mixture was produced by bubbling N2 gas at a flow rate of 200 cm3•min–1(nor) through a glass tube into 
distilled water at 368 K. The partial pressure of steam in the H2O/N2 mixture was estimated to be 74 %, by 
considering the steam vapor pressure at 368K and 1 bar. The sample was heated at given temperature of 1273K 
within 1 min in an electric furnace of thermogravimetry reactor, and the WD step was continued for 25 min. The 
temperature of the sample was too controlled using a R-type thermocouple in contact with the platinum cup. The 
weight change of the sample by H2 generation during W-D step was measured against time.  
The TR and WD steps were alternately repeated three times.  
 
Fig.1. Schematic of the thermogravimetry reactor for thermochemical two-step water splitting cycle using CeO2 particles. 
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3. Kinetic analysis of thermal reduction step using CeO2 particles 
3.1. Isothermal and non-isothermal Master-plots methods for identifying reaction model 
A reaction fraction ߙ for O2 release during the T-R step was defined as follows: 
ߙ ൌ ݉ െ݉௜݉௙ െ݉௜ࠉሺͷሻ 
where mi, mf and m are initial weight, final weight and weight of  sample at time t, respectively. In thermogravimetry, 
the reaction fraction α was calculated by the measured weight change of sample.  
A rate of chemical reaction can be generally described by: 
݀ߙ
݀ݐ ൌ ܣ ή  ൬െ
ܧ
ܴܶ൰ ൈ ݂ሺߙሻ ൌ ݇ሺܶሻ݂ሺߙሻࠉሺ͸ሻ 
where A and Ea correspond to the frequency factor and activation energy, respectively. k(T) is the rate constant at 
temperature T, and f(α) is a function of reaction fraction ߙ for a reaction model which represents the reaction 
mechanism (theoretical reaction models based on various physical and chemical mechanisms are shown in appendix 
A). 
Isothermal Master-plots [11] are composed of the theoretical kinetic reaction model and the experimental kinetic 
data at a constant temperature, and a reaction model at a constant temperature is estimated and evaluated based on 
their comparison.  The isothermal Master plot was analyzed as follows: 
݀ߙȀ݀ݐ
ሺ݀ߙȀ݀ݐሻఈୀ௑ ൌ
݁ݔ݌ሺെ ܧܴܽܶሻ
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where (dα/dt)α=X is a reaction rate for a reference point at α = X. In isothermal Master plot method, the experimental 
kinetic data, (dα/dt)/(dα/dt)α=X, measured under isothermal condition (T = Tα=X) are used, and the value of 
(dα/dt)/(dα/dt)α=X was plotted against α. The theoretical plots of f(α)/f(X) against reaction fraction α was calculated 
for various functions of f(α) listed in appendix A. The experimental plots were compared with various theoretical 
plots. In this study, the isothermal Master plots method was applied for T-R step at a constant temperature of 1773K, 
with the aim of identification of reaction model function in isothermal reduction reaction. 
 Non-isothermal Master plots method was applied in order to identify a reaction model with a heating rate during 
T-R step. Firstly, a generalized time θ is defined as follows[12]: 
ߠ ൌ න ݁ݔ݌ ൬െ ܧୟܴܶ൰ ή ݀ݐ
௧
଴
ࠉሺͺሻ 
where θ denotes the reaction time taken to attain a particular α at infinite temperature. A derivation of Eq. (8) leads 
to 
݀ߠ
݀ݐ ൌ ݁ݔ݌ ൬െ
ܧୟ
ܴܶ൰ࠉሺͻሻ 
where Ea is activation energy estimated by Freeman and Carroll method [13]. Combining Eqs. (6) and (9), the 
following expression is obtained 
݀ߙ
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݀ߙ
݀ݐ ൈ
݀ݐ
݀ߠ ൌ ܣ ή ݂ሺߙሻࠉሺͳͲሻ 
Here, θ depends on temperature T(s) of CeO2, as shown in Eq(9). Thus, the analytic equation for non-isothermal 
Master plots leads to  
݀ߙȀ݀ߠ
ሺ݀ߙȀ݀ߠሻఈୀ௑ ൌ
݂ሺߙሻ
݂ሺܺሻࠉሺͳͳሻ 
where f(X) is a constant for a reaction model f(α) at a given reaction fraction α=X. The theoretical values of f(α)/f(X) 
and the experimental values of (dα/dθ)(dα/dθ)α=X were plotted against α, respectively. The both values were 
compared to identify the theoretical reaction model during  T-R step with increasing temperatures as well as the 
isothermal Master plots method. 
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3.2. Determination of kinetic parameter by Sharp-Wentworth method 
Analysis equation for Sharp-Wentworth method [14] is derived from Eq. (6);  
ߙ
ݐ ή
ͳ
݂ሺߙሻ ൌ ܣ ൬െ
ܧୟ
ܴܶ൰ࠉሺͳʹሻ 
Natural logarithm for both side of the Eq. (12) is follow: 
 ൤ߙݐ ή
ͳ
݂ሺߙሻ൨ ൌ ܣ െ
ܧୟ
ܴܶࠉሺͳ͵ሻ 
A reaction model f(α) estimated by non-isothermal Master plot is substituted to eq.(12), and activation energy Ea 
and frequency factor A were calculated. In the analysis of thermochemical parameter, the left-hand side were plotted 
against (-1/T) and A was calculated by the intercept, Ea was done by the slope of plots. The estimated reaction model 
was evaluated by using eq. (13). 
4. Result and discussion 
Fig. 2 shows time variations of CeO2 weight change and sample temperature during cyclic T-R and W-D step of 
thermochemical two-step water splitting by thermogravimetry. The sample mounted in the thermogravimetry were 
heated with a rate of 30 K/min between room temperature and 1273K, and changed the heating rate to 10 K/min 
from 1273 K to 1773 K. As seen in Fig. 2, initial weight loss will be mainly due to desorption of water molecule 
from CeO2 at temperatures less than 1273 K, thus the variations were not analyzed. The sample weight was greatly 
decreased with increasing temperature from 1273 K, and gradually lowered at a constant temperature of 1773 K. 
This process of weight loss will be due to oxygen release during the heating with 10 K/min and the constant 
temperature of 1773 K in the T-R step, respectively. After the T-R step, the sample was cooled to 1273 K, and then 
a gas mixture of steam and nitrogen was flowed into the thermogravimetry to start the subsequent W-D step. Rapid 
weight gain for the sample was observed by injection of the gas mixture, and the sample weight gradually increased 
with the course of time in Fig. 2.  These weight changes (TG(%)) for the T-R and W-D step means that CeO2 
particles will release oxygen during T-R step and the reduced sample will produce hydrogen during the subsequent 
W-D step in thermogravimetry.  
 
 
 
 
 
 
 
 
 
 
Fig.2. Time variations of CeO2 weight change and sample temperature during cyclic T-R and W-D step of thermochemical two-step  
water splitting by Thermogravimetry.  
 
For experimental data for the thermal reduction of CeO2, kinetic analysis by Master plot method was performed. 
Firstly, the weight change for CeO2 was converted to a reaction fraction α according to eq. (1). Fig. 3 shows time 
variations of reaction fraction and sample temperature during the 1st T-R step. As described above, the sample 
weight was changed between the heating with 10 K/min and the constant temperature of 1773 K in the T-R step. 
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Thus, here the profile of reaction fraction was divided into two regions: non-isothermal region (1273-1773 K) and 
isothermal region (1773 K), and Master plots analysis was performed for each region. (Namely, isothermal Master 
plots analysis for isothermal region and non-isothermal Master plots analysis for non-isothermal region.)  The 
reaction fraction for the 1st T-R step was about 0-0.6 for non-isothermal region and about 0.6-1.0 for isothermal 
region. In order to avoid an effect of the initial weight loss rate, a Master plots for non-isothermal region was done 
at reaction fraction α=0.5. 
Isothermal Master plots at a constant temperature of 1773 K in the T-R step shown in Fig.4. The results were for 
a constant temperature of 1773 K when the sample was heated with the different rates of (a) 10 K/min, (b) 20 K/min, 
and (c) 30 K/min.  As seen in Fig.4, it is observed that the experimental plots approached some reaction models of 
D2(f(α)=[-ln(1-α)]-1), D4(f(α)=(3/2)[(1-α)-1/3-1]) and F1(f(α)=1-α). The reaction model D2, D4 and F1 is 2-
Dimensional Diffusion reaction model, Ginstling-Brounshtein Diffusion reaction model, and first order reaction 
model, respectively. For the heating rate of 10 K/min in Fig.4(a), the experimental plots for the 1st-3rd cycles were 
close to reaction models of D4(α = 0.6-0.7) for 1st, F1(α = 0.6-0.85) and D2(α = 0.6-0.7) for 2nd and 3rd cycles. For 
the heating rate of 20 K/min in Fig.4(b), the experimental plots for the 1st-3rd cycles were close to reaction models of 
F1(α = 0.5-0.85) for 2nd and F1(α = 0.5-0.7) for 3rd. For the heating rate of 30 K/min in Fig.4(c), the experimental 
plots for the 1st-3rd cycles were close to reaction models of F1(α = 0.5-0.9) for 1st D4(α = 0.4-0.85) for 3rd. 
However, the experimental plots almost looked close to a reaction model of F1(f(α)=1-α). And that T-R step 
reaction(3) was looked like depending only on residual value of CeO2, the reaction model of CeO2 T-R step in two-
step water splitting cycle was estimated  to F1 during isothermal in 1773 K by using thermogravimetric reactor. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Time variations of reaction fraction and sample temperature during the 1st T-R step. 
 
 
 
 
 
 
 
 
 
 
Fig.4. Isothermal Master plots at a constant temperature of 1773K in the T-R step: heating rate of (a)10K/min(b) 20K/min(c) 30K/min. 
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Fig. 5 shows non-isothermal Master plots for increasing temperatures of 1273-1773 K in the T-R step. The 
profiles were the results for the different heating rates of (a) 10 K/min, (b) 20 K/min, and (c) 30 K/min.  As seen in 
Fig. 5(a), the experimental plots for the 1st-3rd cycles corresponded to a reaction model of F1(α = 0.2-0.6) for 1st and 
2nd cycle, and a reaction model of F2 (α = 0.3-0.6) for 3rd cycle. For the heating rate of 20 K/min in Fig. 5(b), the 
experimental plots for the 1st-3rd cycles were close to reaction models of F1 (α = 0.15-0.4) and F2 (α = 0.4-0.5)  for 
1st and 2nd cycle, and a reaction model of F2 for 3rd cycle(α = 0-0.4). For the heating rate of 30 K/min in Fig. 5(c), 
the experimental plots for the 1st-3rd cycles were close to a reaction model of F2 (α = 0.1-0.4)  for 1st and 3rd  cycle, 
and reaction models of F3 (α = 0.05-0.3) and F2 (α = 0.3-0.4) for 2nd cycle. These results indicate that reaction 
model was a reaction-order model with nth order for increasing temperatures of 1273-1773 K in the T-R step. It is 
observed that a possible reaction model was changed from F1, F2 (f(α)=(1-α)2) to F3 (f(α)=(1-α)3) as the heating rate 
increased. In the next section, kinetic parameters of activation energy Ea and frequency factor A were estimated for 
the possible reaction models of F1, F2 and F3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Non-isothermal Master plots for increasing temperatures of 1273-1773 K in the T-R step: heating rate of (a)10 K/min(b) 20 K/min(c) 30 
K/min. 
 
Kinetic parameters of activation energy Ea and frequency factor A were estimated for the n-order reaction models 
of F1, F2 and F3. The Sharp-Wentworth analysis based on eq. (13) was applied to calculate the kinetic parameters 
for all the experimental data. Fig.6 shows the analysis results for the 1st T-R step with heating rate of 10 K/min. The 
experimental data were fitted for each reaction model of F1, F2 and F3, and the each model was evaluated by the R2 
value of determination coefficient. The R2 value for each cycle was listed in Table.1.  As seen in Table.1, the R2 
value for the F1 reaction model were highest among the all the reaction models. Thus, the kinetic parameters of 
activation energy Ea and frequency factor A were calculated for the reaction model F1. The estimated activation 
energy Ea and frequency factor A for the F1 reaction model are listed in Table.2. We selected the result for the last 
cycle of 3rd cycle and the lowest heating rate of 10 K/min from the viewpoint of reproducibility. Assigning values of 
thermochemical parameter to eq(6), the kinetic equation  for thermal reduction of CeO2 particles at non-isothermal 
region (1273-1773 K) is given as follow: 
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5. Summary 
The reaction model of thermal reduction using CeO2 was estimated to first order reaction model F1[f(α)=(1-α)] 
between 1273-1773 K isothermal region within heating rate 10~30 K/min by Master-plot method and Sharp-
wentworth method.    
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We selected the result for the last cycle of 3rd cycle and the lowest heating rate of 10 K/min from the viewpoint of 
reproducibility. The kinetic equation for thermal reduction of CeO2 particles at non-isothermal region (1273-1773 
K) is given as follow eq(14)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6. Sharp-wentworth plots for the 1st T-R step with heating rate of 10 K/min: for reaction model of (a)F1, (b) F2, and (c) F3. 
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0,00055 0,0006 0,00065 0,0007
ln
[(d
a/
dt
)/f
(a
)] 
[-]
 
1/T[K-1] 
(c)F3 
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Table 2. Kinetic parameter of activation energy Ea and frequency factor A estimated for the reaction model F1 
 
10 K /min 20 K /min 30 K /min 
Ea[kJ/mol] A[s-1] Ea[kJ/mol] A[s-1] Ea[kJ/mol] A[s-1] 
1st 243.8 2272.5 167.9 174.2 133.7 19.1 
2nd 178.1 271.1 133.5 28.7 192.4 1303.3 
3rd 172.1 175.1 169.8 316.4 172.8 284.9 
 
Appendix A. Theoretical reaction model function list[15,16] 
A.1. Solid state rate expressions for different reaction models 
Model 
Differential form 
ࢌሺࢻሻ ൌ ૚࢑ ή
ࢊࢇ
ࢊ࢚  
Integral form 
ࢍሺࢻሻ ൌ ࢑࢚ 
Nucleation models  
Power law(P2) ʹߙሺଵȀଶሻ ȽሺଵȀଶሻ 
Power law(P3) ͵ߙሺଶȀଷሻ ȽሺଵȀଷሻ 
Avarami-Erofe’ev(A1.5) ͵ሺͳ െ αሻሾെሺͳ െ αሻሿଵ ଷΤ Ȁʹ ሾെሺͳ െ ȽሻሿଶȀଷ 
Avarami-Erofe’ev(A2) ʹሺͳ െ Ƚሻሾെሺͳ െ Ƚሻሿଵ ଶΤ  ሾെሺͳ െ ȽሻሿଵȀଶ 
Avarami-Erofe’ev(A3) ͵ሺͳ െ Ƚሻሾെሺͳ െ Ƚሻሿଶ ଷΤ  ሾെሺͳ െ ȽሻሿଵȀଷ 
Avarami-Erofe’ev(A4) Ͷሺͳ െ Ƚሻሾെሺͳ െ Ƚሻሿଷ ସΤ  ሾെሺͳ െ ȽሻሿଵȀସ 
Geometrical contraction models   
Contracting area(R2) ʹሺͳ െ ߙሻଵȀଶ ሾͳ െ ሺͳ െ ȽሻଵȀଶሿ 
Contracting volume(R3) ͵ሺͳ െ ߙሻଶȀଷ ሾͳ െ ሺͳ െ ȽሻଵȀଷሿ 
Diffusion models   
1D Diffusion(D1) ͳȀሺʹȽሻ Ƚଶ 
2D Diffusion(D2) ሾെሺͳ െ Ƚሻሿିଵ ሾሺͳ െ Ƚሻሺͳ െ Ƚሻሿ ൅ Ƚ 
3D Diffusion-Jander Eq.(D3) ሺ͵Ȁʹሻሺͳ െ ȽሻଶȀଷሾͳ െ ሺͳ െ ȽሻଵȀଷሿିଵ ሾͳ െ ሺͳ െ ȽሻଵȀଷሿଶ 
Ginstling-Brounshtein(D4) ሺ͵Ȁʹሻሾሺͳ െ ȽሻିଵȀଷ െ ͳሿିଵ ሺͳ െ ʹȽȀ͵ሻ െ ሺͳ െ ȽሻଶȀଷ 
Reaction-order models   
Zero-order(F0/R1) ͳ Ƚ 
First-order(F1) ሺͳ െ Ƚሻ െሺͳ െ Ƚሻ 
Second-order(F2) ሺͳ െ Ƚሻଶ ሺͳ െ Ƚሻିଵ െ ͳ 
Third-order(F3) ሺͳ െ Ƚሻଷ ͲǤͷሾሺͳ െ Ƚሻିଶ െ ͳሿ 
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